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Abstract 
The effect of sintering temperature on the structure and piezoelectric properties of (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 
[PZT-SFN] sintered samples, with 0.47≤  y≤ 0.57, was investigated. The samples structure was determined by X-ray diffractometry 
and the piezoelectric properties by the resonance–antiresonance method. A morphotropic phase boundary (MPB) with optimum 
piezoelectric properties was found around 0.51≤ y≤ 0.55. The electromechanical coupling factor was maximum for the two samples 
where y=0.53, kp = 0,63 and y=0.55, kp = 0,631. 
 
© 2013 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of the TerraGreen Academy. 
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1. Introduction 
Lead zirconate titanate (PZT) solid solutions of the ABO3 perovskite type structure (where A- sites are occupied by 
Pb2+ ions and B-sites by Zr4+ and Ti4+ ions) show excellent piezoelectric properties. Near morphotropic phase 
boundary (MPB) lead zirconate titanate Pb(Zr Ti)O3 (PZT) is a binary solid-solution of PbTiO3 ferroelectric and 
antiferroelectric PbZrO3 [1]. The most commonly used ceramics Pb(Zrx, Ti1-X) had a composition closed to the MPB at 
x ~ 0.52 [1-3], where properties such as piezoelectric coefficients and dielectric permittivity are maximized. Variation 
in chemical compositions (Zr/Ti ratio) or thermal treatment in PZT Leads to a drastic change in physical properties. 
Several [4, 5] investigators have studied the properties of PZT or modified PZT ceramics, fabricated from high–
temperature solid-state reacted powders. It has been observed that the properties of these ceramics are very sensitive to 
the composition fluctuation near the MPB, sintering temperature and dopant concentration. In order to achieve a high 
degree of molecular mixing, chemical homogeneity, control of stiochiometry, low calcinations and sintering 
temperature, various chemical methods [6, 7] have been used for the synthesis of these compounds. But processing of 
PZT ceramics by a solid-solution mixing process has attracted great interest because of its inherent advantages in 
achieving the aforesaid properties due to its low cost in large-scale production for industrial applications. Adding 
oxide groups in to PZT can further modify PZT; some of the oxide group additives act as “softeners” and others as 
“hardeners”. Softeners (donors) reduce the coercive field strength, elastic modulus and aging effects and increase the 
permittivity and dielectric and mechanical losses. Doping of hardeners (acceptors) exhibits high p-type conductivity, 
reduces dielectric constant, and increase frequency constant, mechanical quality factors and aging effects. PZT are 
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doped with acceptors ions such as Fe3+ (at B-site) creating oxygen vacancies in the lattice [8, 9] are known as hard 
PZT. On the other hand, PZT are doped with donor ions such as Sm3+ (at A-site) and Nb5+ (at B-site) leading to the 
creation of A-site vacancies in the lattice are known as soft PZT. 
PZT-SFN is a ferroelectric ceramic formed by doping: of Sm3+ ions on the A-site and by couple (Fe3+, Nb5+) ions 
on the B-site of lead zirconate titanate. The main ferroelectric properties such as Curie temperature, spontaneous 
polarization, dielectric constant of PZT-SFN have been modified by single and/or double doping at A-and/or B-sites to 
suit for device fabrication [10–14]. By a suitable substitution at Pb/Sm site and Zr/Ti site in different ratio, a large 
number of charge neutral or charge deficient single/mixed compounds can be prepared. The preovskite compounds are 
normally prepared satisfying the following conditions: (a) tolerance factor and (b) charge neutrality. For ideal 
perovskites the tolerance factor, should be for distorted perovskite this value may be less than or equal to one. 
The present work aims, first, to synthesize new materials of the formula (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , 
Nb5+0.5)O3 which represent interesting electric and mechanical properties; and, second, to efficiently combine the 
dielectric and electromechanical properties of this system. The dielectric, ferroelectric, and the piezoelectric behaviors 
of the MPB system were examined and discussed. 
2. Experimental procedures 
Polycrystalline samples of a new materials of ceramics with general formula (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , 
Nb5+0.5)O3 [while varying y (47% ≤ y ≤ 57% with a step of y = 2%), by fixing x (x = 2%)] were synthesized from high 
purity oxides: Pb3O4 (99.9 % M/S Aldrich chemicals, USA),TiO2 (99.9% M/S s.d.fine-Chem Ltd.), ZrO2 (99.9 % M/S 
Aldrich chemicals, USA), Fe2O3 (99.9 % M/S Indian Rare-Earth Ltd), Sm2O3 (99.9 % M/S Aldrich chemicals, USA) 
and Nb2O5 (99.9 % M/S Aldrich chemicals, USA) using a high temperature solid-state reaction technique in an air 
atmosphere. The raw materials of the required compositions were mixed in a ball milling for 24 h in the presence of 
methanol using zirconia balls. The calcinations was done at a temperature 800 OC for 2h.Before compaction, the 
calcined lump was ground and granulated to convert it to a uniform free flowing aggregate by addition of small 
quantity of PVA as binder. The fine powder so obtained was pressed into discs (pellets) of 10 mm diameter and 1mm 
thickness under a pressure of 1000 kg cm-2 using a hydraulic press. The pellets were sintered in air atmosphere at 1100 
OC, 1150 OC, 1180 OC and 1200 OC for 2h in presence of PbZrO3 powder, to prevent PbO loss during the high 
temperature sintering. Sintered pellets were electrode by high-purity silver particle paste, and fired at 750 OC, before 
using for any electrical measurements. 
X-ray diffraction (XRD, Siemens D500) was used to determine the crystalline phases present in the powder. The 
compositions of the PZT phases were identified by the analysis of the peaks [(002)T, (200)R, (200)T] in the 2θ range 
43˚ - 46˚. The tetragonal (T), rhombohedral (R) and tetragonal-rhombohedral phases were characterized and their 
lattice parameters were calculated. The rhombohedral lattice parameter was calculated on the assumption that the 
rhombohedral distortion was constant (unit cell angle αR = 89.9˚) [15, 16]. In order to ensure an accurate determination 
of the lattice parameters, the X-ray peaks were recorded gradually with 0.01˚ steps.  
Electronic micrographs scanning (SEM) were taken from fractured as well as chemically etched surfaces. A section 
of the sintered sample was etched in a 5% HCl solution for 3 minutes. The fractured surfaces were used for grain size 
and morphology determination. The size distribution of the grains was measured and the results compared with each 
other. The size distribution of the pores and the total value of porosity were determined on a polished cross-section of 
the samples with an image analyzer. 
The dielectric response was measured at the frequency of 1 kHz by using an automatic LCR meter at a temperature 
ranging from a room temperature to 450˚C. Before measuring the piezoelectric properties, the specimens were poled 
in silicone oil at 110˚C by applying a d.c. field of 3.6 kV/mm for forty five minutes. Twenty four hours after poling, 
the piezoelectric properties: piezoelectric constant (d31), electromechanical planar coupling factor (kp) and mechanical 
quality factor (Qm) were measured by a method similar to that of the IRE standard. The resonance and anti-resonance 
frequencies were obtained by using the maximum and the minimum of spectra admittance. 
 
3. Results and discussion 
3.1. Phase analysis and microstructure  
Sintered powders were examined by X-ray diffractometry to ensure phase purity, and to identify the crystal 
structure. It can be seen that all the samples show pure perovskite structure, suggesting that Sm, Fe and Nb diffuse into 
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the PZT lattice to form a solid solution. Fig. 1 shows the XRD patterns of (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 
ceramics sintered at 1180°C for two hours. It was found that the (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 ceramics 
formed the tetragonal structure in the case of y < 0.51. The more the Zr/Ti ratio increases, the more the structure 
changes; and when the Zr/Ti was 0.51≤y≤0.55, morphotropic phase boundary (MPB), coexisting rhombohedral and 
tetragonal phases were observed.  
 
 
 
 
 
 
 
 
 
 
Fig. 1. X-ray diffraction patterns of (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 ceramics sintered at 1180 oC for 2 h: (a) 47/53,  (b) 49/51, (c) 51/49, 
(d) 53/47, (e) 55/45, (f) 57/43. The co-existence of tetragonal and rhombohedral splitting in the  ((c),(d),(e)). 
At the sintering temperature of 1180 oC, we have studied the evolution of lattice parameters of the solution (1-
x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 as a function of the composition of y (Fig. 2). It is noted that these parameters 
are very sensitive to the variation of the composition of y, and the distortion of the perovskite structure cT /aT ratio 
decreases when the composition of y believes. The tetragonal phase shows that the parameter aT increases and cT 
decreases when the composition of y increases. The parameter aR of the rhombohedral phase increases with the 
increase in the composition of y. The influence of the substitution of Zr/Ti ratio on the structure of the parameters can 
be explained by the difference between the ionic rays of Zr and Ti (0.68 and 0.79 Å, respectively). This cannot provide 
a total homogeneity in the solid solutions containing both tetragonal and rhombohedral phases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Variation of: the unit cell dimensions and ratio cT/aT of PZT-SFN as a function of composition (y). 
The variation in the lattice parameters of the identified phase composition shows that the values of the cT /aT ratio 
have decreased. This can be explained by microscopic compositional fluctuations occurring in these perovskite 
materials, which cannot provide a real homogeneity in the solid solutions that determine the co-existence of 
tetragonal- rhombohedral phases. The increase of the sintering temperature and the firing time enhanced the diffusion 
effects within these regions and led to a relative homogenization of the local composition in the material. The 
transition from tetragonal to rhombohedral phase as a function of composition can be visualized to occur as follows:  
1)- the tetragonal and rhombohedral distortions decrease continuously as one approaches the MPB composition from 
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either side. 2)- if the tetragonal to rhombohedral transition is first order, the two phases might coexist over some range 
of y around the MPB composition. 
Fig. 3 (a)–(c) shows the SEM images of PZT-SFN (47/53), PZT-SFN (49/51) and PZT-SFN (53/47) ceramics 
sintered at 1180 °C. All the sintered ceramics appear to be very dense and of a homogeneous granular structure. At 
first sight, the three compositions seem homogeneous and there do not seem to be grains of the pyrochlore phase 
which are identifiable by their pyramidal form. The ruptures with the grain boundaries are synonymous with a good 
sintering. It is noticed that the average diameter of the grains increases significantly with the increases in the Zr/Ti 
ratio. The intermediate size of the grains is 1,718 μm for the sample (Fig. 3a) with Zr/Ti (47/53). For cons, the 
intermediate size of sample (Fig. 3b) of the grains is larger (2,167 μm). In the case of ceramics (Fig. 3c) with Zr/Ti 
(53/47), the intermediate size of the grains is larger than that of (Fig. 3a), and (Fig. 3b) (of the order 2,605 μm); and 
the broader the granulo-metric distribution (Fig. 3c), the more the size of the grains gets bigger [17]. The variation of 
the experimental density with Zr/Ti ratio in the PZT-SFN ceramic system is shown in Fig. 4. The density of the 
ceramics increases with the increase of Zr/Ti ratio. The observed increase in density is in agreement with the grain 
distribution observed in SEM microstructures  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Microstructure of (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 ceramics sintered at 1180 °C for 2 h,                                             
(a) Zr/Ti = 47/53, (b) Zr/Ti = 49/51, (c) Zr/Ti = 53/47. 
 
 
 
 
 
 
 
 
 
 
(a) (b) 
(c) 
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Fig. 4. Density according to the variation of y (Zr) in the composition and sintering temperature. 
 
3.2. Dielectric properties  
Fig. 5 shows the variation of the dielectric constant as a function: of composition and of temperature at sintering 
temperatures 1100 oC, 1150 oC and 1180 oC. For the three temperatures of sintering 1100, 1150 oC and 1180 oC, 
observed that the permittivity increases gradually with the increase in the composition of y and takes a maximum of 
1076 for the sample with Zr/Ti = 55/45 included in the morphotropic phase boundary (MPB) at the temperature 1180 
oC and then decreases. This maximum of dielectric activity can be explained by the presence of several directions of 
spontaneous polarization relating to the existence of the two structures rhombohedral and tetragonal.  
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Fig. 5. Dielectric constant (ɛ) according to the variation of y (Zr) in the composition and temperature. 
 
Fig. 6 is a plot of the dissipation factor (at room temperature, 1 kHz) versus composition of all samples sintered at 
various temperatures (1100, 1150, and 1180 oC). All the samples within the investigated compositional range (y = 
0.47-0.57) have dissipation factors < 3 %, the dissipation factor of PZT-SFN ceramics in this work is similar than 
those of PZTCZS ceramics [18]. 
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Fig. 6. Dissipation factor according to the variation of y (Zr) in the composition and temperature. 
The diffuse phase transition (DPT) is one of the distinguishing features for the relaxor ferroelectrics. Various 
models have been proposed for explaining the behavior of relaxor ferroelectrics e.g. the composition fluctuation model 
[19], the superparaelectric model [14], the dipolar glass model [20], and the random field model [21]. For PZT-SFN 
type of relaxor ferroelectrics, the occurrence of the diffuse phase transition is due to the presence of 1:1 short-range 
non-stoichiometric ordering between Fe3+ and Nb5+ ions. The chemically ordered domains destroy the charge balance; 
however, the decrease of the free energy in the system caused by forming ordered domains is larger than the free 
energy increase by imbalance charge so that ordered domains could actually exist in spite of the inability to grow 
further because of the imbalanced charge. In the present work, Sm3+ ions substitute for Pb2+ ions on the A-site 
sublattice. Sm3+ is a very well-known donor dopant for the Pb2+ ions in the A-site sublattice in PZT systems and is 
reported earlier by other researchers [2, 22]. Donor doping like Sm3+, could effectively compensate the imbalance 
charge resulting from ordering so that 1:1 short-range ordering regions grow larger. The growth increases the 
separation between disordered matrix. Thus the DPT behaviour can be consistently enhanced [23, 24].  
 
 
 
3. 3. Piezoelectric properties 
The electromechanical variation of the coupling factor kp is very sensitive to the variation of the composition. The 
Zr/Ti ratio varies from 47/53 to 57/43. Fig. 7 illustrates the electromechanical coupling factors (kp) of (1-x)Pb(Zry Ti1-
y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 sintered at 1180 oC. One notes an increase in the coupling factor kp along with an increase 
in the Zr rate until reaching a maximum value with Zr/Ti = 51/49 (kp = 0.632). On this side of Zr/Ti ratio value one 
also observed almost a stabilization of the electromechanical coupling factor kp, with Zr/Ti = 53/47 the value of kp = 
0.63; and as for the sample with Zr/Ti = 55/45 the value of kp = 0.631, The kp value in this work is similar than those 
of PZTCZS ceramics [18]. The kp value was also reported to have correlation with the specimen density. Thus, in 
addition to the low sinterability, high grain boundary density could also be observed   in PZT-SFN ceramics; and when 
Zr/Ti ratio increased, it might result in low kp value of the ceramics. Heywang [25] and Isupov [26] have explained 
this increase by the following opinion: during the polarization of material, the degree of domain alignment increases 
and becomes higher in the area of co-existence of the tetragonal and rhombohedral phases. This idea was underlined 
and confirmed by Dantsiger and Fesenko [27]. We can say that the zirconium rate for the compositions belonging to 
the morphotropic phase boundary (MPB),  which combines two phases Tetragonal-Rhombohedral, lies between 51 
and 55%.   
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Fig. 7. Electromechanical coupling factor (kp) according to the variation of y (Zr) in the composition. 
The piezoelectric properties variation (d31 and Qm) with Zr/Ti ratio in the (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 
ceramic system is depicted in Fig. 8. The d31 and Qm of the ceramic system are enhanced with the increase of Zr/Ti 
ratio. It is observed in Fig. 8 that as the Zr/Ti ratio increases, the value of d31 represents a peak of 122 at Zr/Ti ratio of 
53/47; and when Zr/Ti ratio is further increased, the value of d31 decreases. Qm continues to increase, and finally it 
shows the maximum value when Zr/Ti ratio goes to 55/45 and then decreases. When the (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 
, Nb5+0.5)O3 system is doped with Sm3+, it replaces the Pb2+ ion at A-site; and Pb vacancies are created in the lattice to 
maintain the electroneutrality. In a lattice having Pb vacancies, transfer of atoms is easier than in a perfect lattice; and 
domain motion is easier. Such a mechanism is termed ferroelectrics softening. If the domain reorientation is enhanced, 
the ceramic will be easier to pole. If PZT is softened by donor doping, the coercive field will be lowered, the remnant 
polarization will be increased, the dielectric constant will be increased, and the piezoelectric properties will be 
enhanced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Piezoelectric constant (d31) and mechanical quality factor (Qm) according to the variation of of y (Zr) in the composition. 
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The piezoelectric properties of PZT ceramics are influenced by the type and content of dopants. The dopant can 
improve the sintering process, produce ceramics with high specific mass, reduce the lead oxide evaporation, and 
prevent the formation of second phases [28]. Besides, dopants also engender the substitution of A or B cations of 
ABO3 perovskite structure. Ions of higher valence, such as Nb5+, cause vacancies in the A cation called lead vacancies; 
and the lower valence ions, as Fe3+, result in oxygen vacancies [29]. The additives that increase the amount of oxygen 
vacancies cause a small reduction of the unit cell dimensions, increase the internal stress; and, consequently, increase 
the coercitive field. Therefore, the additives that accept electrons are called hardener additives. The material doped 
with iron presents lower dielectric constant, and loses constant when the mechanic quality factor is increase [30]. 
Therefore, according to Takahashi [31] the vacancies of oxygen generated by the addition of iron are suppressed when 
there are niobium and iron equimolar compositions. In a polycrystalline system, dielectric and piezoelectric properties 
are dependent on both intrinsic and extrinsic mechanisms [32, 33]. Intrinsic contributions are from the relative ion or 
cation shift that protects the ferroelectric crystal structure. The extrinsic contributions are from the domain wall 
motion. The extrinsic mechanisms are thermally activated processes, and can be frozen out at a very low temperature. 
The intrinsic mechanisms are due to the lack of MPB in the systems of (1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3, and to 
the  increase of the BF content. Thus, the mechanical quality factor Qm increases with the increase of the ratio of Zr/Ti. 
 
4. Conclusion  
(1-x)Pb(Zry Ti1-y)O3-xSm(Fe3+0.5 , Nb5+0.5)O3 lead zirconate titanate piezoelectric ceramics with good piezoelectric 
properties have been developed by the conventional solid state method at  different  sintering  temperature (where y = 
0.47, 0.49, 0.51, 0.53, 0.55, 0.57, and x = 0.02). The relationship between microstructure and electrical properties of 
PZT-SFN ceramics has been studied. A morphotropic phase boundary of PZT-SFN ceramics is identified in the range 
of 0.51 ≤ y ≤ 0.55. The  sintering  temperature and the ratio of Zr/Ti  strongly  affects  the  microstructure,  and  
electrical  properties  of  PZT-SFN ceramics. The lattice parameters of the two structures tetragonal and rhombohedral 
vary with the variation of the Zr/Ti ratio in the matrix. Relative density and average grain size gradually increase, and 
electrical properties are improved greatly with an increase of sintering temperature and ratio of Zr/Ti. The composition 
that contains Zr/Ti ratio of 55/45 ceramic sintered at 1180 OC demonstrates optimum piezoelectric properties (tan δ = 
0.013, kp = 0.631, Qm = 462 and d31 =122 pC/N), which makes this material a good candidate for high-power 
multilayer piezoelectric transformer applications. 
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